The magic iron oxide cluster Fe 13 O 8 is found by using a reactive laser vaporized cluster source. From first-principles calculations, the equilibrium geometry is determined to be of D 4h symmetry. Comparing with Fe 13 O 6 , Fe 12 O 9 , and Fe 14 O 7 , Fe 13 O 8 has a closed electron configuration in highest occupied molecular orbital ͑HOMO͒, a large gap of HOMO-lowest unoccupied molecular orbital, and large binding energy, which suggest that it is most stable, confirming our experimental observation. The main interaction between oxygen and iron atoms in the cluster is the hybridization between O-2p and Fe-3d orbitals. The electronic structure and magnetic properties for this magic iron oxide cluster are discussed in detail. ͓S0163-1829͑99͒01620-3͔
I. INTRODUCTION
The interaction between substance and oxygen is one of the most important chemical processes to understand corrosion, biological oxygen transport, and oxide film formation. The interest and the richness of this field lie in its interdisciplinary nature and in the diversity of questions it raises, both on fundamental and on applied levels. In recent years, with the new advent of flexible and precise experimental techniques, the studies on oxidation of clusters also have attracted great attention: Fe n , [1] [2] [3] Li n , [4] [5] [6] Cs n , 7, 8 Mn n , 9, 10 Al n , 11 Si n , 12, 13 and Ba n clusters. 14, 15 Of all the clusters, Fe-O clusters are of particular interest because of their diverse physical and chemical behaviors, and the belief that well-controlled studies on iron oxide clusters not only provide a new avenue to obtain detailed information about the interaction between oxygen and iron but also provide models for iron oxide materials 16 and iron oxide surfaces. [17] [18] [19] Small iron oxide clusters have been extensively studied by Wang and his co-workers; 1-3 the photoelectron spectra for Fe m O n Ϫ (mϭ1 -4, nϭ1 -6) indicated that there exist sequential oxygen atom chemisorptions on the surfaces of small iron clusters, which provide novel model systems to understand the electronic structure of bulk iron oxides. 1 However, no studies on larger iron oxide clusters have been reported to our knowledge.
Recently, we have produced iron oxide clusters by using reactive laser vaporized cluster source, where a pulsed second harmonic of Nd:YAG laser was used for vaporization of an iron rod. Metal vapor was cooled by He gas injected from a pulsed gas valve synchronizing with a vaporization laser, and oxygen gas was continuously introduced through a small orifice into a cluster formation cell with 10 3 mm 3 in volume, where the oxygen gas flow rate was changed from 0.0 to 3.0 SCCM controlled by a needle valve and a mass flow meter.
Details of this experiment will be published elsewhere. Figure 1 shows the mass spectra of the Fe m and Fe m O n clusters with different oxygen gas flow rates, from which the following interesting features can be seen: for pure iron clusters, Fe 7 , Fe 13 20 Why is it magic? What is the geometry, and what are the electronic structure and magnetic properties of this interesting magic iron oxide cluster? In this paper we try to answer these questions by using the first-principles method. 
II. THEORETICAL METHOD
Ab initio methods based on density-functional theory ͑DFT͒ are well established tools to study the structures and properties of materials. As for structure optimization, the plane-wave basis and pseudopotential method combined with DFT has provided a simple framework, in which the calculation of the Hellmann-Feynman force is greatly simplified so that extensive geometry optimization is possible. To determine the geometry of a Fe 13 O 8 cluster, we used a more powerful ab initio ultrasoft pseudopotential scheme with plane-wave basis 21, 22 ͓Vienna Ab initio Simulation Program ͑VASP͔͒, 21, 22 in which the finite-temperature local-density functional theory developed by Mermin 23 is used, and variational quantity is the electronic free energy. Finite temperature leads to broadening of the one-electron levels that is very helpful to improve the convergence of Brillouin-zone integrations. The electron-ion interaction is described by a fully nonlocal optimized ultrasoft pseudopotential, 24 ,25 which has been extensively tested for transition metals. 26 The minimization of the free energy over the degrees of freedom of electron densities and atomic positions is performed using the conjugate-gradient iterative minimization technique. 27 In the optimizations, the cluster is placed in a cubic cell with edge length of 14 Å, which is sufficiently large to make dispersion effects negligible, in such a big supercell only the ⌫ point can be used to represent the Brillouin zone. The cutoff energy used was 400 eV in the plane-wave expansion of the pseudowave functions, which is large enough to obtain a good convergence, and the exchange-correlation energy of valence electrons is adopted in the form of Ceperly and Daler 28 as parametrized by Perdew and Zunger. 29 The structure optimization was symmetry unrestricted, and the optimization was terminated when all the forces acting on the atoms are less than 0.03 eV/Å. In order to obtain more detailed information on the electronic and magnetic properties, the numerical atomic wave functions are used as the basis set for the expansion of wave functions. The group theory is used to symmetrize the basis functions, which transforms as one of the irreducible representations of the point group of the cluster. 30 The optimized structure with VASP is adopted, and the 3d,4s,4p orbitals in Fe, and 2s and 2p orbitals in O atom are used as the basis set, and the cluster spin orbitals are expanded in a linear combination of the symmetrized basis functions. The KohnSham equation is solved self-consistently with the discrete variational method.
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III. RESULTS AND DISCUSSIONS
In order to test our calculations, we first performed calculations on an FeO molecule. The obtained equilibrium bond length is 1.606 Å which is in agreement with the experimental result of 1.618 Å. 32 It is well known that for an Fe 13 cluster, there are two high symmetry structures: icosahedron (I h ) and cuboctahedron (O h ), the former is more stable than the latter, but the difference in total binding energy is small ͑less than 1.0 eV͒, which is also confirmed by our calculations. Therefore we start with these two structures to search for the stable structure of Fe 13 O 8 . In the icosahedron Fe 13 cluster, there are 8 nonadjacent triangles among the 20 triangle surfaces. From the previous study on small iron oxide cluster 1 and for the sake of symmetry, we can assume that the 8 oxygen atoms are capped to the 8 nonadjacent triangle surfaces of icosahedron ͑configuration I͒. In cuboctahedron Fe 13 cluster, there are 8 threefold adsorption sites and 6 fourfold adsorption sites, the 8 oxygen atoms are assumed to occupy the 8 threefold adsorption sites ͑configuration II͒. We fully optimize these two configurations without any symmetry restrictions. For configuration I, the final structure gives the total binding energy of 117.7 eV, but without any symmetry as shown in Fig. 2͑a͒ , the average distance between oxygen and central Fe atom is 3.087 Å, the average distance between Fe and central Fe atom is 2.387 Å, and the average Fe-O bond length is 1.835 Å. Figure 2͑b͒ gives the pair distribution function of this structure. For configuration II, the final structure has D 4h symmetry, in which there are three nonequivalent Fe atoms: central Fe atom ͑labeled as Fe1͒, surface Fe2 and Fe3, as shown in Fig. 3 . The bond lengths and bond angles are as follows: r O-Fe1 ϭ3.141 Å, r O-Fe2 ϭ1.848 Å, r O-Fe3 ϭ1.807 Å, ЄO-Fe2-Oϭ178.4°, and ЄO-Fe3-O ϭ159.1°. The total binding energy is 118.6 eV, which is more stable than the former one. Comparing Fig. 2͑a͒ and Fig. 3 , it can be found that the appearances of these two structures are similar with each other.
The Therefore it is determined to be magic, confirming our experimental result. Table I lists some numerical results on the electronic structures of clusters with symmetry, and the corresponding orbital percentage components for the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ are given in Table II . We can see that the Fe 13 O 8 cluster has a closed electron configuration in HOMO and a large gap between HOMO and LUMO, which makes this cluster stable. It can also be found that different components in a cluster result in a different electronic structure. For example, in an Fe 13 O 8 cluster with D 4h symmetry, the HOMO is contributed by 95.4%Fe-3d orbitals, and LUMO by 90.6% Fe-3d orbitals; in an Fe 13 O 6 cluster with O h symmetry, the HOMO is a mixture of 16.1% O-2 p orbitals and 83.2% Fe-3d orbitals, and LUMO consists of 98.7%Fe-3d orbitals; in an Fe 12 O 9 cluster with D 4h symmetry, the HOMO is composed of 8.3% Fe-4 p orbitals and 90.6% Fe-3d orbitals, and LUMO consists of 88.6% Fe-3d orbitals and 8.4%Fe-4 p orbitals; the common feature is that LUMO is Fig. 7 , we can see that the main interaction between Fe and O atoms is the hybridization between 3d orbitals of the Fe atom and 2 p-O orbitals. Shorter bond length makes stronger hybridization, accordingly, the magnetic moment decreases, and the average moment of the Fe atom in this cluster is 2.061 B . Figures 8͑a͒ and 8͑b͒ give the charge density distribution of spin-up and spin-down on the Fe2-Fe3-O plane in Fe 13 O 8 with D 4h symmetry.
It is well known that the magic number for clusters depends on the chemistry of elements. For rare-gas atoms, close packing of atoms gives rise to magic numbers of 13 37 the magic numbers are 4, 23, 22, 37,..., which can be understood as originating from the fcc structure of the bulk systems and by realizing that ultrastable clusters are fragments of their bulk; but for transition metal-oxide clusters, the situation is more complicated, different magic number can be exhibited, [38] [39] [40] and more richness in physics and chemistry would exist.
In this paper, by the first-principles calculations, the equilibrium geometry, and electronic structures of Fe 13 O 8 , which was found as a magic cluster by our experiment, are studied and the stability of this cluster is confirmed.
